Objective: Ischemia-reperfusion provokes barrier failure of the coronary microvasculature, leading to myocardial edema development that jeopardizes functional recovery of the heart during reperfusion. Here, we tested whether adenosine 5′-triphosphate (ATP), either exogenously applied or spontaneously released during reperfusion, protects the endothelial barrier against an imminent reperfusion injury and whether interventions preventing ATP breakdown augment this protective ATP effect. Methods: Cultured microvascular coronary endothelial monolayers and isolated-perfused hearts of rat were used. Results: After ischemic conditions were induced, reperfusion of endothelial monolayers activated the endothelial contractile machinery and caused intercellular gap formation. It also led to the release of ATP. When its breakdown was inhibited by 6-N,N-diethyl-β,γ-dibromomethylene-D-ATP (ARL 67156; 100 μM), a selective ectonucleotidase inhibitor, contractile activation and gap formation were significantly reduced. Reperfusion in the presence of exogenously added ATP (10 μM) plus ARL caused an additional reduction of both aforementioned effects. In contrast, elevation of ATP degradation by apyrase (1 U/ml), a soluble ectonucleotidase, or addition of adenosine (10 μM) provoked an increase in gap formation during reperfusion that could be completely inhibited by 8-phenyltheophylline (8-PT; 10 μM), an adenosine receptor antagonist. In Langendorff-perfused rat hearts, the reperfusion-induced increase in water content was significantly reduced by ARL plus ATP. Under conditions favouring ATP degradation, an increase in myocardial edema was observed that could be blocked by 8-PT. Conclusion: ATP, either released from cells or exogenously applied, protects against reperfusion-induced failure of the coronary endothelial barrier. Inhibition of ATP degradation enhances the stabilizing effect of ATP on barrier function.
Introduction
The endothelial lining of blood vessels forms a selective permeability barrier between plasma and interstitial spaces. In the course of ischemia-reperfusion the endothelial barrier of the coronary microvasculature becomes disturbed. For that reason myocardial edema is a characteristic feature of the pathophysiology of reperfusion following coronary occlusion [1] . The resulting myocardial edema inhibits functional recovery of the heart during reperfusion [2, 3] and may jeopardize survival of myocardial tissue. In a recent study on cultured microvascular coronary endothelial monolayers we showed that simulated reperfusion conditions trigger the opening of intercellular gaps between endothelial cells [4] . Cell retraction is due to a Ca 2+ dependent activation of the endothelial contractile apparatus. Reperfusion-induced gap formation could be blocked by inhibitors of myosin light chain kinase (MLCK) or manoeuvres which prevented the rise in cytosolic Ca 2+ concentration. This indicates that activation of the contractile machinery contributes to barrier failure under reperfusion. Endothelial cells possess an actin-myosin based contractile machinery controlled by the phosphorylation state of the regulatory myosin light chains (MLC) [5] . The phosphorylation state of MLC is regulated by a Ca 2+ / calmodulin-dependent MLCK, which phosphorylates MLC and thus enhances development of force, and a MLC phosphatase complex, which acts antagonistically. Activation of MLC phosphatase may therefore reduce reperfusioninduced barrier failure. Exogenously applied ATP is a strong activator of endothelial MLC phosphatase. We showed that ATP stabilizes barrier function of endothelial monolayers through specific purine receptors [6, 7] and effectively reduces hyperpermeability in endothelial monolayers stimulated by inflammatory mediators such as thrombin [8] . In the present study we investigated if exogenously applied ATP can prevent the destabilization of the endothelial barrier caused by reperfusion conditions. ATP may act on endothelial cells not only when exogenously applied, but also when released spontaneously from endothelial cells themselves. This was the second point to be investigated in this study. It is well documented that ATP is released from endothelial as well as from other vascular cells under diverse (patho)physiological conditions, e.g. inflammation [9] , thrombosis [10] , shear stress [11, 12] , osmotic stress [13, 14] , and even a sole rise at cytosolic Ca 2+ concentration [14] . ATP is also released from cells of the cardiovascular system under conditions of ischemia-reperfusion [15, 16] . Release of endogenous ATP normally has a very brief biological half life, since it is rapidly degraded by ubiquitously distributed ectonucleotidases [16] . Quiescent endothelial cells express high levels of the membraneassociated CD39/nucleoside triphosphate diphosphohydrolase (NTPDase1) which catalyses degradation of ATP and ADP to AMP [17, 18] . Further degradation to adenosine is catalysed by ecto-5′-nucleotidase (CD73) [10, 17, 18] , also present on the surface of endothelial cells. In previous studies [19] [20] [21] we showed that microvascular coronary endothelial monolayers respond with a strong increase in macromolecule permeability to an activation of adenosine receptors, i.e. opposite to their response to ATP. The effect of adenosine is mediated by cAMP/PKA-dependent signalling towards the contractile machinery and cell adhesion structures [21] .
In the present study we tested the hypothesis (1) whether exogenously applied ATP can protect endothelial barrier against imminent failure provoked by reperfusion conditions, (2) whether endogenous ATP spontaneously released from endothelial cells during ischemia-reperfusion can provide such a protective effect, and (3) whether manoeuvres which prevent either ATP degradation to adenosine or inhibit activation of adenosine-receptors can augment or preserve the stabilization effect of ATP on the endothelial barrier. The effect of ATP to protect the endothelial barrier against reperfusion-induced failure was tested in a culture model of microvascular coronary endothelial monolayers and in the vascular system of isolated-perfused hearts. To inhibit degradation of extracellular ATP, 6-N,N-diethyl-β,γ-dibromomethylene-D-ATP (ARL 67156; ARL), an ATP analogue and specific inhibitor of NTPDase1, was applied [22, 23] . To exclude contractile effects of the applied substances in the whole heart preparation, cardioplegic conditions were chosen.
Material and methods

Cell cultures
The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). Microvascular coronary endothelial cells were isolated from 200-250 g male Wistar rats and cultured as previously described [8] .
Experimental protocols
Endothelial cells on glass cover slips were placed in a perfusion chamber (1 ml filling volume) and were superfused at a flow rate of 0.5 ml/min with a modified Hepes buffer (containing in mM: 140.0 NaCl, 2.6 KCl, 1.2 KH PO 4 , 1.2 MgSO 4 , 1.3 CaCl 2 , 2.5 glucose and 25.0 HEPES) adjusted to either pH 6.4 during ischemia (anoxic medium) or 7.4 during reperfusion (reoxygenation with normoxic medium) at 37°C. Normoxic medium was equilibrated with air. The anoxic medium was glucose-free and equilibrated before and during experiments with 100% N 2 . Po 2 in the anoxic medium was <1 mm Hg as determined at the chamber outlet with a polarographic oxygen sensor. Anoxic and normoxic media were serum-free. The medium was transferred into the perfusion chamber through gas-tight steel capillaries. Under standard conditions cells were exposed to anoxia at pH 6.4 for 40 min followed by 30 min reperfusion with normoxic medium. Only reperfusion conditions were varied: (a) continuing perfusion at pH 7.4, (b) with or without ATP (10 μM) or ARL 67156 ( ARL; 100 μM), (c) with or without adenosine (ADO; 10 μM) or 8-phenyltheophylline (8-PT; 10 μM), (d) with soluble apyrase (1 U/ml). In pilot experiments the optimum effective concentrations of each agonist and inhibitor were determined in concentration-response experiments.
The basal medium used in incubations was modified Tyrode's solution (composition in mM: 150.0 NaCl, 2. Free cytosolic Ca 2+ concentration (Ca i ) was determined using the fluorescent Ca 2+ indicator Fura-2 as previously described [8, 24] .
Determination of intercellular gaps
Simultaneously to the measurement of the Fura-2 ratio, intercellular gap formation was quantified by planimetric analysis of the fluorescence images as previously described [24] .
Myocardial water content
Hearts from 250-g male Wistar rats were mounted immediately after isolation on a Langendorff perfusion system in a temperature-controlled chamber (37°C), as previously described [25] . Briefly, during normoxic perfusion (10 ml/min) with an oxygenated saline medium (composition in mM: 140.0 NaCl, 24 [vol/vol] ). ARL, ATP, ADO, apyrase, 8-PT were added to the perfusion medium 1 min before the onset of cardioplegic reperfusion, respectively. It remained in the perfusion medium during the entire period of reperfusion. At the end of each experiment, wet weight and after 24 h, dry weight of the perfused rat hearts were measured.
Determination of MLC phosphorylation
The phosphorylation of MLC was determined by glycerol-urea polyacrylamide gel electrophoresis and Western blot analysis as described [6] . This procedure allows separation of non-phosphorylated from phosphorylated MLC protein, the latter of which migrates more rapidly. Briefly, electrophoretically separated proteins were transblotted on PVDF membranes and incubated with an anti-MLC antibody followed by an alkaline phosphataseconjugated anti-IgM antibody. Blots were scanned densitometrically, and the percentage of MLC phosphorylation (expressed as percentage of total MLC) was calculated from densitometric values of non-(MLC), mono-(MLC~P) and diphosphorylated MLC (MLC~PP) as follows:
Bioluminescence detection of ATP
The bioluminescence detection of ATP was determined according to [14] , with minor modifications. Briefly, 50 μl medium of the tested endothelial monolayers and 50 μl of an ATP luciferin/luciferase assay reagent were mixed in a microcentrifuge tube and immediately placed into a TD-20/ 20 Luminometer (Turner Designs). All assays were performed at room temperature. 
Materials
Falcon plastic tissue culture dishes were from Becton Dickinson (Heidelberg, Germany); ATP from Boehringer (Mannheim, Germany); ATP luciferin/luciferase assay reagent (ENLITEN®) was from Promega (Mannheim, Germany); Fura-2/AM was from Molecular Probes (Leiden, The Netherlands); polyvinylidene difluorid (PVDF) was from Millipore (Eschborn, Germany); anti-MLC antibody (clone MY-21) and peroxidase-coupled second antibody were from Sigma (Deisenhofen, Germany); ARL 67156 was from Tocris Bioscience (Bristol, UK). All other chemicals were of the best available quality, usually analytical grade.
Statistical analysis
Data are given as means ± SEM in all optical measurements or S.D. of n experiments using independent cell preparations. The comparison of means between groups was performed by one way analysis of variance (ANOVA) followed by a Bonferroni post-hoc test. Changes of parameters within the same group were assessed by multiple ANOVA analysis. Probability (P) values of less than 0.05 were considered significant.
Results
Effect of extracellular ATP on Ca i , gap formation and MLC phosphorylation
Endothelial monolayers were exposed to 40 min anoxic medium (pH 6.4), to simulate in part ischemic conditions, and were then reoxygenated at physiological pH 7.4, to simulate reperfusion conditions. In the context of this paper these simulated conditions are addressed briefly as "ischemia" and "reperfusion". Superfusion of endothelial cells with ischemic perfusion medium induced a biphasic increase of Ca i (Fig. 1A) . Ca i peaked at 8 min initially, dropped subsequently towards basal levels, and started to increase continuously after 20 min during the ongoing ischemic period. If the perfusion was changed to reperfusion medium, endothelial cells immediately responded with a steep further increase in Ca i . With the onset of ischemia, interendothelial gaps started forming (Fig. 1B) . Reperfusion provoked a further steep rise in gap formation, which increased to approximately threefold of the end-ischemic value during the 30 min period of reperfusion. In contrast, a 30 min continuation of ischemic perfusion led only to a slight further increase in gap formation. To test whether extracellular ATP can affect reperfusioninduced gap formation, reperfusion medium was supplemented with 10 μM ATP. Although endothelial cells responded with an additional increase in Ca i ( Fig. 2A) , presence of extracellular ATP reduced reperfusion-induced endothelial gap formation distinctly during reperfusion (Figs. 2B, 3) . When 100 μM ARL, a NTPDase inhibitor, was added to reperfusion medium, the effects of ATP were enhanced, both with regard to Ca i rise (Fig. 2C) and reduction of gap formation (Figs. 2D, 3 ). In the combined presence of ATP and ARL reperfusion-induced increase in gap formation was abolished.
To analyse the effect of extracellular ATP on activation of the contractile machinery, MLC phosphorylation was determined during ischemia and reperfusion in absence or presence of ATP (Fig. 4) . At the end of ischemia, MLC phosphorylation was 63 ± 3%. Reperfusion caused a distinct increase in MLC phosphorylation, i.e. to 78 ± 4%. Reperfusion with medium containing 10 μM ATP prevented the reperfusion-induced increase in MLC phosphorylation, when ATP plus ARL were present during reperfusion, MLC phosphorylation was even reduced below the endischemic level, i.e. to 47 ± 4%.
Effect of released endogenous ATP on gap formation
To verify whether ATP is released spontaneously from endothelial cells during reperfusion, ATP was determined in samples of the effluate (Fig. 5) . It is expressed in relative terms, since in this experimental setup the actual concentration of ATP within the unstirred layer just above the endothelial surfaces is diluted into a large stream of fluid passing through the incubation chamber, and samples from the effluate of the perfusion chamber therefore reflect only on a relative scale the changes at the endothelial cell surface. Reperfusion after 40 min ischemia caused a transient rise of ATP in the medium. When ARL was added to the reperfusion medium, the rise of ATP in the medium was enlarged. Comparing the integrals underneath the curves, the amount of extracellular ATP cleared into the passing medium in absence of ARL amounts to 28% of that in presence of ARL. Under normoxic control conditions no significant ATP release was detected. These data show that reperfusion indeed causes an ATP release from the endothelial cells into the surrounding medium. They also indicate that the extracellular concentration resulting from that spontaneous release is distinctly higher when the NTPDase inhibitor ARL is applied.
To verify if the ARL-induced accumulation of ATP during reperfusion can stabilize the endothelial barrier, gap formation was estimated (Fig. 3) . Compared to the endischemic value, gaps were threefold increased after subsequent 40 min reperfusion. Reperfusion of EC in presence of ARL reduced the reperfusion-induced gap formation significantly. It was then tested whether conditions with different results with respect to gap formation in reperfusion, also differ with respect to the activation state of the endothelial contractile machinery. Reperfusion of endothelial cells with medium containing ARL prevented the reperfusion-induced increase in MLC phosphorylation almost entirely (Fig. 4) . To test whether degradation products of ATP can influence gap formation during reperfusion, exogenous adenosine was applied (Fig. 6 ). Adenosine (10 μM) alone augmented gap formation during reperfusion, up to 4.6-fold of the end-ischemic value. This adenosine effect was completely blocked by simultaneous addition of the adenosine receptor antagonist, 8-phenyltheophylline (8-PT, 10 μM). Similar effects could be achieved by addition of a different adenosine receptor antagonist 8-cyclopentyl-1,3-dipropylxanthine (50 nM; data not shown). Interestingly, presence of 8-PT alone in reperfusion had no effect, indicating that the amount of adenosine generated by spontaneous breakdown and staying at the cells' surface is too small to stimulate adenosine receptors.
When the soluble ectonucleotidase apyrase (1 U/ml) was added at reperfusion, a significant increase in gaps was observed. This indicates that in abundant presence of ectonucleotidase activity in the external medium, the amount of adenosine generated from the spontaneously released ATP is sufficient to stimulate adenosine receptors on the endothelial cells. When apyrase was applied together with 10 μM ATP, reperfusion-induced gap formation was enhanced to the same level as in presence of an equivalent concentration of 10 μM adenosine. Together these data show that gap formation during reperfusion is influenced by adenosine that can be rapidly generated from ATP.
Effect of ATP and its degradation product adenosine on myocardial water content
To verify whether ATP can stabilize the vascular barrier in situ, experiments were performed on Langendorffperfused hearts under cardioplegic arrest (Fig. 7) . Myocardial water content was determined as parameter for tissue edema. Cardioplegic conditions were chosen to exclude indirect effects on myocardial water content through changes in contractile function. Hearts were exposed for 40 min to no-flow ischemia and then reperfused for 30 min. Effluate samples were taken at the 5th min of reperfusion to determine ATP concentrations (Table 1 ). These results show that, in presence of the NTPDase inhibitor ARL, 100 μM, about 79% of the ATP added to the perfusate is preserved after passage through the coronary circulation. In absence of ARL, only 18% of the added ATP is preserved. When hearts are perfused without exogenous addition of ATP to the perfusate, a small release of ATP was detectable. In presence of ARL this amounted to 0.11 μM which would correspond to an initially released concentration of 0.14 μM, if the same 79% preservation is assumed. The concentration found in the absence of ARL in the effluate was 0.02 μM, from which a preservation of 14% of the initially released concentration can be calculated. This figure is comparable to the degradation determined for exogenously applied ATP. Compared to the exogenously applied ATP concentration, that produced by endogenous release from reperfused endothelial cells is only 1.4%.
Reperfusion of ischemic hearts caused an increase in myocardial water content from 402 ± 29 to 543 ± 23 ml H 2 O/ 100 g dry weight. If hearts were reperfused with a medium containing 10 μM ATP plus 100 μM ARL, i.e. conditions which prevent 79% of ATP breakdown, the reperfusioninduced increase in myocardial water content was markedly reduced, i.e. to 458 ± 17 ml H 2 O/100 g dry weight. When 10 μM ATP was applied without ARL, i.e. conditions which prevent only 18% ATP breakdown, it caused an increase in myocardial water content during reperfusion to 656 ± 36 ml H 2 O/100 g dry weight. When ARL alone was applied, i.e. conditions with only 1.4% of the exogenously applied ATP present, no significant effect was observed. Insignificant was also the effect of exogenously applied ATP (10 μM) in presence of the adenosine receptor antagonist 8-PT, indicating that the edema augmenting effect of ATP alone is due to its degradation product adenosine.
To verify this last mentioned hypothesis, it was tested whether acceleration of ATP degradation by apyrase (1 U/ ml) can enhance myocardial edema formation. When 10 μM ATP was applied in presence of myocardial water content increased to 824 ± 20 ml H 2 O/100 g dry weight. A comparable increase in myocardial water content was obtained when hearts were reperfused with 10 μM adenosine, and this affect could be blocked by 8-PT. Addition of apyrase alone to the reperfusion medium induced a small increase in myocardial water content, i.e. to 609 ± 39 ml H 2 O/100 g dry weight, suggesting that adenosine concentrations as low as 0.1 μM already affect vascular permeability.
In general the results on perfused hearts confirm those obtained on endothelial monolayers, that ATP when degraded by ectonucleotidases acts through its metabolite adenosine and that this effect is opposite to that of ATP.
Discussion
Ischemia-reperfusion leads to myocardial edema which jeopardizes functional recovery of the heart during reperfusion [2, 3] as a consequence of endothelial barrier failure of the coronary microvasculature. Here we demonstrate that extracellular ATP either released from the cells or exogenously applied reduces reperfusion-induced endothelial barrier failure. However, when ATP is degraded, the barrier stabilizing effect of ATP is overruled by the permeability promoting effect of its metabolite adenosine. Manoeuvres preventing ATP degradation or inhibiting adenosine receptor activation preserve the stabilizing effect of ATP on the endothelial barrier.
Previously, we showed that reperfusion of microvascular coronary endothelial cells leads to an increase in Ca i accompanied by a marked increase in interendothelial gap formation. The effect of reperfusion on Ca i and gaps exceeds markedly the effect of continued ischemic conditions, demonstrating a kind of acute reperfusion injury of the endothelial barrier [24] . This reperfusion-induced disturbance of endothelial barrier function is due to an activation of the endothelial contractile machinery. To date, strategies to interfere with this form of reperfusion-induced endothelial barrier failure have not been identified.
In the present study we showed that extracellular ATP protects against reperfusion-induced gap formation even though it provokes a further increase in Ca i . The mechanistic explanation for this apparently paradoxical effect comes from our recent studies [6] [7] [8] which have shown that extracellular ATP is not only able to reduce endothelial permeability despite increasing cytosolic Ca 2+ concentration but also to antagonize endothelial hyperpermeability caused by inflammatory mediators such as thrombin [8] . The detailed analysis has demonstrated that extracellular ATP reduces mechanical force development of the endothelial Rat hearts were exposed for 40 min to ischemia followed by 5 min reperfusion (reperfusion). The following agents were added 1 min before onset of reperfusion: ATP (10 μM), the NTPDase inhibitor ARL 67156 (ARL; 100 μM) or ARL plus ATP. ATP concentration in the effluate was determined after a single passage of the agents. Data are means ± SD of 6 separate experiments with independent cell preparations. ⁎ P < 0.05 vs. reperfusion, # P < 0.05 ARL + ATP vs. ATP alone. Fig. 7 . Myocardial water content after ischemia-reperfusion of salineperfused rat hearts. Hearts were exposed for 40 min to ischemia (I) or for 40 min to ischemia followed by 30 min reperfusion (R). The following agents were added 1 min before onset of reperfusion: ATP (10 μM), ATP plus the NTPDase inhibitor ARL 67156 (ARL; 100 μM), ATP plus the adenosine receptor antagonist 8-phenyltheophylline (8-PT; 10 μM), ATP plus the soluble ectonucleotidase apyrase (Apyr; 1 U/ml), adenosine (ADO; 10 μM) plus the adenosine receptor antagonist 8-phenyltheophylline (8-PT; 10 μM) or ADO alone. Data are means ± SD of 5 separate experiments with independent cell preparations. ⁎ P < 0.05 vs. R; # P < 0.05 as indicated; n.s., not significantly different.
contractile machinery by interfering at the level of myosin light chains, by activation of MLC phosphatase in a Ca 2+ -independent manner [6] . As shown by us in another study [26] , extracellular ATP may also activate MLC-kinase in an Ca 2+ -dependent step. However, this ATP effect on the contractile machinery is completely overruled by the strong activation of MLC phosphatase.
Consistent with this explanation is the finding of the present study that addition of ATP to the reperfusion medium can completely prevent the rise of MLC phosphorylation during reperfusion and may even lower the phosphorylation of MLC below the value found otherwise as a result of ischemic conditions. The reduction of MLC phosphorylation correlates with the suppression of reperfusion-induced gap formation. These results indicate that the protective effect of ATP during reperfusion on the endothelial barrier is indeed due to an inhibition of the endothelial contractile machinery.
It is well documented that ATP is released from vascular cells and under a variety of (patho)physiological conditions [9, 11, 15, 16, 27] . The nature of the ATP release mechanism is not yet fully understood. We found here that reperfusion conditions cause a significant release of ATP from endothelial cells which is neither found under normoxic control conditions nor during simulated ischemia. The accumulation of ATP in the extracellular medium could be enhanced when the ectonucleotidase inhibitor ARL was added to the reperfusion medium. These results show that reperfusion conditions cause release of ATP from endothelial cells which normally is rapidly degraded by ectonucleotidases. ARL alone did not lead to a significant ATP accumulation in normoxic-perfused endothelial monolayers without preceding ischemia, indicating that there is indeed no or very little ATP release under normoxic control conditions.
The most effective manoeuvre to stabilize the endothelial barrier was to apply extracellular ATP in presence of ARL, which prevents ATP degradation. A reduction of gap formation was also found, if endothelial cells were reperfused in presence of ARL alone, i.e. under conditions favouring accumulation of released endogenous ATP. These data demonstrate that ATP released from endothelial cells under this pathophysiological cell stress can contribute to a stabilization of barrier function.
It is well documented that the ATP metabolite adenosine can induce a loss of barrier function in certain monolayer models of microvascular endothelial cells [20, 21, 28] and in various intact microvessels [29] [30] [31] . As we showed before for coronary endothelial cells, this is due to an effect on cell adhesion structures, not on the contractile machinery [21] . These results led us to analyse the effects of adenosine during simulated ischemia-reperfusion in the same model of cultured coronary microvascular endothelial cells. Addition of adenosine enhanced the reperfusion-induced increase in gap formation. This effect could be blocked by simultaneous addition of the adenosine receptor antagonist 8-PT indicating that this gap-forming effect of adenosine is due to activation of adenosine receptors. Reperfusion-induced gap formation was also increased when the soluble ectonucleotidase apyrase was added to the reperfusion medium to enhance degradation of ATP to adenosine. Apyrase sequentially catalyses the hydrolysis of ATP to AMP, which is then converted to adenosine by action of the endothelial ecto-5′-nucleotidase (CD73). These data show that in endothelial monolayers derived from the coronary microvasculature reperfusion-induced gap forming is enhanced by adenosine, whereas ATP itself has an attenuating effect.
The effect of ATP on barrier function was also examined in the coronary system of the isolated, saline-perfused whole heart. In this model ATP caused a strong reduction of the reperfusion-induced increase in myocardial water content if applied in combination with the NTPDase inhibitor ARL during reperfusion. These data indicate that extracellular ATP is also a potent stabilizer of the vascular permeability barrier in the intact coronary system and that its application during reperfusion can protect the heart against an imminent reperfusion-induced edema. In the intact coronary system, however, this beneficial effect of ATP was only seen when it was applied in combination with ARL, the NTPDase inhibitor. Otherwise, ATP caused an increase in myocardial tissue edema. Measurements of ATP in the effluate during reperfusion of the isolated rat hearts showed a 79% disappearance of the ATP infused on the arterial side. This points towards a fast ATP degradation in the vascular system most probably via NTPDase1 which is the dominant ectonucleotidase in microvascular coronary endothelial cells [32, 33] . In contrast to the situation in the cell culture model, in the perfused hearts a protective effect of the NTPDase inhibitor ARL, stabilizing the released endogenous ATP, was not observed. This seems due to the small value of medium concentration of ATP generated by the spontaneous release in the microvascular lumen at the given high flow rates of the saline-perfused heart model. Not ATP itself but its metabolite adenosine induced an increase in myocardial water content acting via adenosine receptors. The data of this study show that the edema increasing effect of added ATP is completely blocked in presence of the adenosine receptor antagonist 8-PT. Myocardial edema formation could be additionally increased if ATP was applied in combination with soluble apyrase to accelerate its degradation. Direct application of adenosine caused a similar oedematous effect. This oedematous effect could also be blocked by simultaneous addition of 8-PT. It was postulated in the literature that adenosine receptor antagonists block ischemia-reperfusion injury in the lung [34] and in the heart [35] and have protective effects on postischemic damage to the coronary microcirculation [36] . In other vascular provinces this is apparently different. In ischemic-reperfused intestine, generation of adenosine is protective, and absence of NTPDase1 favours capillary leakage and tissue damage [37] . In a general pathophysiological context effects of adenosine other than the direct actions on the endothelium must be considered too, e.g. its vasodilatory effect and the helpful adverse effects on platelet aggregation and leukocyte adhesion.
The comparison of gap formation in the cell culture model and edema development in the intact, but saline-perfused heart should not be over-stretched. First, cultured coronary cells are not the same as coronary cells in situ. Second, the perfusion conditions are quite different, with a much higher ratio of volume flux to cell mass in the culture system. Third, tissue water uptake is only a coarse parameter for endothelial permeability which does not differentiate between the extravascular subcompartments filling up with water. But in spite of these limitations and the relative differences seen between these two experimental models, the results from both speak the same general language in respect to the ATP mediated protection.
In conclusion, extracellular ATP effectively protects the endothelial barrier against reperfusion-induced failure, in cultured endothelial monolayers as well as in the coronary system in situ, whereas its degradation product adenosine increases reperfusion-induced hyperpermeability. Therefore, additional inhibition of ATP degradation, released by endothelial cells in effective amounts during reperfusion, increases this protective effect. While these results identify a novel protective principle, it remains unclear how far this can be directly exploited for therapeutic use. First, in microcirculatory beds other than the coronary system adenosine improves endothelial barrier function, as shown for example for intestinal microvessels [38] . This however, is not of relevance if ATP or ectonucleotidase inhibitors are applied selectively to the coronaries. Second, ATP has adverse effects on vascular tone and platelet function which may be protective during reperfusion. ATP released from endothelial cells in response to shear stress or hypoxia induces endothelium-dependent vasodilatation [39] . Application of ATP plus ectonucleotidase inhibition can counteract the vasoconstriction induced during ischemia-reperfusion and may enhance reperfusion of the ischemic tissue. Furthermore, ATP can act as a week antagonist of the ADP-induced platelet activation [40] . However, this effect may not be so relevant, since patients receiving reperfusion therapy are mostly under antiaggregatory therapy anyway. Finally, even if enhancing ATP effects in the reperfused coronary circulation in vivo would overall not be advisable, the results of the present study are important. They identify for the first time principle of protecting the endothelium directly against reperfusion-induced barrier failure, and it may be parts of the ATP signalling directed towards myosin-light chain phosphatase that are exploitable for future clinical use.
